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Abstract
Determination of crop evapotranspiration (ETc) and root zone soil-water dynamics/distribution coupled with nitrogen (N) management strategies is important for effective management of agricultural fields for enhancing production efficiency. However, limited data and knowledge exist that sufficiently
inform how soil-water dynamics and ETc response may vary with coupled irrigation levels and different N application timings under different irrigation
methods. Extensive field experiments were conducted in 2016 and 2017 under
center pivot (CP), subsurface drip irrigation (SDI), and furrow irrigation (FI) at
full irrigation treatment (FIT), 80% FIT, 60% FIT, and rainfed treatment (RFT)
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with N application timing treatments of traditional N (TN), non-traditional-1
(NT-1), and non-traditional-2 (NT-2) to quantify and compare seasonal maize
(Zea mays L.) grain yield, soilwater dynamics, ETc, and ETc vs. seasonal irrigation and total water supply relationships. Soil-water status and plant water extraction exhibited substantial differences between the irrigation levels and N
management and with the irrigation methods. Irrigation method significantly
(p < 0.05) influenced ETc. CP had significantly higher ETc than SDI; and SDI had
significantly higher ETc than FI. The NT-1 and NT-2 treatments had significantly
higher ETc than TN. ETc was greatly influenced by the water availability more
than N timing applications. The slope of maize ETc exhibited inter-annual and
intra-annual variation between N treatments, irrigation methods, and years.
CP had higher slope than FI and SDI and FI had higher slope than SDI under
traditional and NT N management in both years (except NT-2 at SDI in 2017).
These important findings can provide guidance to improve maize production
efficiency by considering the coupled irrigation and N management strategies
under different irrigation methods.
Keywords: Center pivot, Crop evapotranspiration, Furrow irrigation, Irrigation
levels, Nitrogen application timing, Subsurface drip irrigation

1. Introduction
Historically, water resources and agriculture have always played a significant role in humans’ life and have been the cause of rises, advancements, falls and even extinction of civilizations. Water scarcity (excessive demand that is greater than supply) has become a critical issue
not only in dry-regions/arid-climates, but also in regions where precipitation is adequate or exceeds evaporative water losses. Moreover, climate change has affected the magnitude and distribution of precipitation
amounts in many regions in the world, including United States. When
coupling the large land area under agricultural production and irrigation and associated water resources allocation, moratoriums, planning
and management impose challenges and pressure on the freshwater resources throughout the world. These challenges become even more complicated when the uncertainty in climate change and its already evident
negative impacts on agroecosystems through extreme events, including
drought, flood, increased evaporative losses, and other extreme hydrologic events. Thus, quantification of evaporative losses under different
crop, water, soil and nitrogen (N) management practices as well as under different irrigation methods is becoming more important to better

M o h a m m e d & I r m a k i n A g r i c u lt u r a l Wat e r M a n ag e m e n t 2 6 7 ( 2 0 2 2 )

3

assess, plan, allocate and manage water resources for sustaining or enhancing crop water productivity.
Crop evapotranspiration (ETc), also known as crop water use, is a vital
factor in the hydrological systems, agriculture, plant production, climate
science, environment assessments and their interactions. It plays a critical role in managing irrigated and rainfed agricultural production fields
through assessing precise water demand and supply, hence determining
proper irrigation timing and amounts. Since maize occupies the largest
area among agronomic row crops cultivated, changes to the ETc magnitudes of maize are likely to have an influence on the local and/or regional
hydrological cycle (Hussain et al., 2013). To effectively contribute to the
goal of water conservation (i.e., decreasing or optimizing ETc while increasing yield productivity per unit of ETc) and improve crop water productivity as well as balancing environmental services and agricultural
water needs, ETc response to different irrigation levels under different
N management and irrigation methods need to be determined to provide scientifically based best management practices to aid producers in
their efforts to enhanced crop water and N use efficiency. A comprehensive understanding and quantification of ETc under different irrigation
levels (e.g., full irrigation, limited or deficit irrigation, and rainfed) and
N management (e.g., pre-plant, side dress, and within-season split fertigation) under different irrigation methods (i.e., pressurized and gravity-based) is imperative. The rate of ETc is driven by numerous factors,
including energy availability (i.e., solar radiation), humidity gradient,
wind speed, air temperature, crop characteristics [e.g., crop stage, vegetation (canopy/leaf) structure, stomatal resistance, leaf area index, leaf
shape, plant height, and crop health], soil characteristics (e.g., soil heat
capacity, chemistry, and albedo), soil water and nutrition availability,
crop type, water and N management practices and interactions of some
of these variables. In addition to ETc, irrigation and N management can
also influence maize productivity indices differently. Ran et al. (2016)
reported that kernel number per plant was significantly affected by irrigation and N treatments. However, 100-kernel weight was relatively
stable. Reducing irrigation quantity significantly increased stem partitioning index (PIstem) and leaf partitioning index (PIleaf), and decreased
ear partitioning index (PIear) at harvest, but lowering N rate (from 500 to
100 kg N⋅hm–2) did not significantly reduce PIstem, PIleaf, and PIear at harvest. HI was significantly reduced by reducing irrigation quantity, but
not by reducing N rate.
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Some strategies and technologies may decrease or optimize ETc by
adopting a deficit or limited irrigation management or/strategies (English, 1990; Fereres and Soriano, 2007; Irmak, 2015a, 2015b; Irmak et
al., 2019, 2020) with efficient irrigation method and effective irrigation
management coupled with proper N application timing and amount.
While surface (primarily furrow) irrigation (FI) continuous to be the
dominant irrigation method globally, over the last decade or so there was
a dramatic expansion in both hectares and percentage in terms of adapting center pivot (CP) and subsurface drip irrigation (SDI) methods in
large scale crop production fields. Some producers have increased their
interest with the highest potential irrigation efficiency method such as
SDI and CP over surface irrigation to increase yield production with less
water (i.e., reduce ETc) as well as to reduce labor and time requirements
for irrigation events. Proper irrigation design and management may enhance efficiency and reduce soil surface evaporation, deep percolation
below the plant root zone, and surface run-off potential (Irmak, 2015a)
and contributes to enhancing crop water productivity and reduces nutrient/chemical leaching potential. A considerable amount of literature
has been published on quantifying ETc magnitude’s response to given
irrigation method under various range of irrigation levels. However, to
the best knowledge of the authors, not a single research/study exists to
quantify ETc response to coupled different irrigation levels and N management strategies under different irrigation methods (i.e., CP, SDI and
FI) simultaneously under the same soil and crop management and environmental/climatic conditions.
There can be a substantial range of variation in irrigation efficiency
within and among the irrigation methods [CP (~75–85%), SDI (>95%)
and FI (45–65%)] (Irmak et al., 2014). These differences can influence
ETc magnitudes through their varying magnitude of influences on surface soil water evapotranspiration. Eck (1986) observed much higher
seasonal maize ETc, ranging from 641 to 1003 mm under a graded furrow irrigation system in a semi-arid climate. Sepaskhah and Khajehabdollahi (2005) found higher maize seasonal ETc with shorter irrigation
intervals (4 days) and lower with longer irrigation intervals (10 days)
under three irrigation methods of every furrow, variable alternate furrow, and fixed alternate furrow, and the combination of ten days irrigation intervals with fixed alternate irrigation method. Under center
pivot irrigation system, Djaman and Irmak (2012) reported seasonal
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ETc range of 481–620 mm in 2009 and 579–620 mm in 2010 for the
same location. Since seasonal maize ETc magnitude substantially vary
between irrigation methods, locations, and years, it is critical to quantify seasonal maize ETc at various irrigation levels under major irrigation methods coupled with different N application timing for different
maize production conditions, which will also enhance development and
implementation of proper irrigation management strategies and assess
water and N interaction effect on seasonal maize ETc. The objectives of
this research were to: (i) quantify and compare the inter-annual and inner-annual variations of seasonal maize ETc among different irrigation
methods (CP, SDI, and FI) and irrigation levels [full irrigation treatment
(FIT or 100%), 80% FIT, 60% FIT and rainfed treatment (RFT)] coupled
with three N application timing treatments; and (ii) quantify and compare soil-water dynamics and seasonal maize ETc response to seasonal
water supply among different irrigation methods and irrigation levels
coupled with three N application timing treatments under CP, SDI and
FI methods simultaneously.
2. Materials and methods
2.1. Site description, irrigation and nitrogen management and crop
evapotranspiration
Detailed description of experimental procedures was reported by Irmak
et al. (2021) and the procedures closely related to the work included in
this research will be presented here. Field experiments were conducted
in three large scale of different irrigation methods/fields of CP, SDI, and
FI in the Irmak Research Laboratory at the University of Nebraska-Lincoln, South Central Agricultural Laboratory (SCAL) located near Clay
Center, NE, USA (40° 43′ N and 98° 8′ W) at an elevation of 552 m above
mean sea level). Experiments were conducted during the 2016 and 2017
growing seasons. The SCAL is located in south central part of Nebraska,
and it is a transition zone between the sub-humid and semi-arid zones
with strong winds in spring months and high evaporative demand, especially during summer months. The soil at site is a Hastings silt loam; fine,
montmorillonitic, mesic Udic Argiustoll with 0–1% slope. Soil is characterized as a well-drained upland, which has a 0.34, 0.14, and 0.53 m3 m–3
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field capacity, permanent wilting point and saturation point, respectively.
The particle size distribution of the soil is 15% sand, 65% silt and 20%
clay with 2.5% organic matter content in the topsoil (Irmak, 2015a).
Four irrigation levels were investigated: (i) full irrigation treatment
(FIT), (ii) 80% of FIT (20% deficit), (iii) 60% of FIT (40% deficit) and
(iv) rainfed treatment (RFT) with no irrigation throughout both growing
seasons. All irrigation treatments were included in all irrigation methods. Three N application timing treatments were imposed: (i) traditional
nitrogen (TN) treatment in which all the required seasonal N amount
was applied in spring as pre-plant application, (ii) nontraditional-1 (NT1) in which 30% of the seasonal total required N was applied as spring
pre-plant N application, 40% and 30% as sidedress at V8 (8-leaf collar)
growth stage and VT/VR (tasseling/silking) stages, respectively, and (iii)
non-traditional-2 (NT-2) in which 25% of the seasonal total required N
was applied as spring pre-plant, 25%, 30%, and 20% as side-dress at
V8, VT/VR, and R3 (i.e., kernel milk) growth and development stage, respectively. All the required amount of N calculated based on the University of Nebraska-Lincoln (UNL) N algorithm (Shapiro et al., 2008). The
algorithm is based on expected crop yield and incorporates N credit for
soil organic matter, residual soil nitrate and other credits, including N
from legumes, manure, other organic materials, and from irrigation water, maize and N price adjustment, and timing adjustment:
N need (lb/ac ) = [35 + (1.2 ∗ EY)
– (8 ∗ NO3 – Nppm)
– (0.14 ∗ EY ∗ OMC)
– other N credits ]
∗ Priceadj ∗ Timingadj

EY= expected yield (bu/ac)
Nitrate-N ppm = average nitrate-N concentration in the root zone
(0.60–1.20 m soil depth) in ppm
OM = percent organic matter
Priceadj = adjustment factor for prices of maize and N
Timingadj = adjustment factor for fall, spring and split applications
Other N credits include N from legumes, manure, other organic
materials, and from irrigation water.

(1)
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Three N application timing treatments were supplied with liquid urea
ammonium nitrate NH4NO3 (32-0-0) that was applied uniformly. The N
was applied using two methods: (i) the BLU-JET fertilizer injector applicator (Model AT6020; Unverferth Manufacturing Co., Inc., Kalida, OH,
USA) that injects the fertilizer into the soil in the center of the furrow for
8 rows at one pass and this process was utilized only for the TN application treatments, (ii) the chemigation system that includes a fertilizer
storage tank to inject the fertilizer through the irrigation system [controlled by fertilizer/chemical injection pumps and precision chemical
flowmeters (Netafim Fertilizer Meter; Netafim-USA, Fresno, CA, USA)]
was used for the SDI and CP irrigation systems for the nontraditional
treatments of NT-1 and NT-2 at various growth stages, starting from V0
growth stage, depending on the irrigation method. The NT-1 and NT-2
treatments were not included in the RFT. However, TN application timing treatment was included in the RFT.
Irrigations were managed based on the FIT, FIT-NT-1 and FIT-NT- 2
in each field and triggered when the average of the top two of soil profile depths’ (0.30 and 0.60 m) soil-water of these treatments reached
about 40–45% depletion (approximately at 21–22% vol soil moisture
content) before the VT stage. The average of the top three of soil profile
depths of 0.30, 0.60 and 0.90 m (approximately it is representing crop
rooting depth at that time) were used as the irrigation trigger point
after VT stage (Irmak et al., 2010; Irmak, 2019). Neutron moisture
gauge (Model 4300; Troxler Electronics Laboratories, Inc., NC, USA)
was used to measure soil volumetric water content (Ɵv) on a weekly
basis with 0.30 m increment to a soil depth of 1.20 m through neutron
gauge access tubes, which were installed in each treatment with two
replications in each field. In each irrigation, the FIT received irrigation to bring the soil profile to approximately 90% of the field capacity. The 80%FIT and 60%FIT irrigation treatments received 80% and
60% of the irrigation amount applied to the FIT. This irrigation management was practiced throughout each growing season. All irrigation methods were established in one large field area by dividing the
larger field into three parts to establish irrigation systems. Thus, the
soil type, soil physical and chemical characteristics, and terrain/topographical characteristics are the same and it is assumed that the differences in ETc response to irrigation and N management are due to
the irrigation method.
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In the CP irrigation field/method, irrigations were applied using a
four-span hydraulic and continuous-move CP system (T-L Irrigation Co.,
Hastings, NE, USA) that covered 16.2 ha area and the system was installed in 2005. In the SDI field/method, irrigation was applied through
an SDI system that covered 4.85 ha field area, which was installed in
2005 (Netafim-USA, Fresno, CA, USA). In the FI field/ method, water
was applied through a gated pipe system (Hastings Irrigation Pipe Co.
NE, USA), which was established on approximately 1 ha field in 2016. All
three advanced irrigation systems were established by the senior author
(S. Irmak). The experiment was a split-split plot design in the CP field
with N application timing in the main plots and the irrigation application
levels in the subplots with four replications for each treatment. The experiments in the SDI and FI fields were randomized complete block design with three replications for each treatment. The following soil-water
balance equation was used to quantify the weekly and seasonal maize
evapotranspiration (ETc):
P + I + U = R + D ± ΔW + ETc

(2)

Dj = Max (Pj – Rj + Ij – ETcj – CDj–1 , 0 )

(3)

where, P is precipitation (mm), I is the irrigation water applied (mm),
U is the upward soil moisture flux (mm), R is the surface run-off (mm),
ΔW is the change in soil moisture storage in the soil profile (mm) from
the beginning to the end of the growing season, and D is the deep percolation from the crop root zone (mm). The upward soil moisture flux was
assumed negligible because water table at SCAL is about 30 m below the
soil surface (Irmak, 2010). Run-off was estimated using the USDA Natural Resources Conservation Service (NRCS) curve number procedure
(USDA-NRCS, 1985). The research site has a silt loam soil; therefore, C
= 75 was used for the land use, slope, and conservation tillage, which
was obtained from USDA-NRCS (1985). The deep percolation was estimated using a daily water balance approach programmed in Microsoft
Visual Basic (Bryant et al., 1992; Payero et al., 2009; Djaman and Irmak,
2012). The equation for deep percolation is:
where, Dj is deep percolation on a day j, Pj is precipitation, Rj is precipitation and/or irrigation run-off from the soil surface on a day j (mm), Ij
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is irrigation depth on a day j (mm), ETcj is a crop evapotranspiration on
a day j, and CDj-1 is root zone cumulative depletion at the end of day j.
2.2. Alfalfa- and grass-reference evapotranspiration

Penman-Monteith equation (Monteith, 1965) with a fixed canopy resistance (ASCE-EWRI, 2005; Irmak et al., 2012) was used to compute
alfalfa-reference evapotranspiration (ETr) and grass-reference evapotranspiration (ETo) daily. The reference ET was calculated with the purpose of determining the atmospheric evaporative demand and also to
quantify the maize water use from emergence until the neutron probe
access tubes were installed and first measurements were taken to have
complete seasonal ETc data. Weather variables of daily air temperature, relative humidity, wind speed, and incoming shortwave radiation data were obtained from the High Plains Regional Climate Center
(HPRCC) automated weather station for both growing seasons. The
weather station was located only about 800 m from the experimental site. The standardized PM ETref equation that was used to calculate
ETo and ETr is:
ETref =

0.408 Δ (Rn – G) + γ (Cn /T+273) u2(es – ea)
Δ + γ(1 + Cdu2)

(4)

where, ETref is reference-evapotranspiration (either ETr or ETo; mm day–
1); Δ is slope of the saturation vapor pressure and air temperature curve
(kPa °C–1); Rn is net radiation at the surface (MJ m–2 day–1); G is soil heat
flux density (MJ m–2 day–1) and assumed to be zero for a daily time step;
Tmean is mean daily air temperature (°C); u2 is mean daily wind speed at
2 m height (m s–1); es is saturation vapor pressure (kPa); ea is actual vapor pressure (kPa); es – ea is vapor pressure deficit (VPD) (kPa); γ is psychrometric constant (kPa °C–1); both Cn and Cd are constant that changes
with reference type and calculation time step, and functions of the time
step and aerodynamic roughness of the surface. The Cd values depends
on bulk surface resistance and daytime or nighttime. Cd and Cn values on
a daily time step for grass and alfalfa reference surfaces were 900 °C mm
s3 Mg–1 day–1 and 0.34 s m–1 for, and 1600 °C mm s3 Mg–1 day–1 and 0.38 s
m–1, respectively (ASCE-EWRI, 2005).
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2.3. Statistical analysis
The GLIMMIX procedure in SAS (SAS Institute, Inc., Cary, N.C, 2003) was
used for statistical analyses to distinguish potential significant differences in ETc and grain yield because of treatment imposition. A Fisher’s protected least significant differences (LSD) test was conducted at
the 95% confidence level to determine which (if any) treatments were
significantly different from each other.
3. Results and discussion
3.1. Weather conditions
Monthly average values of the meteorological variables for the 2016 and
2017 growing seasons along with the long-term-averages (1983–2015)
measured at the research site are presented in Figures 1 & 2. A total
growing season precipitation amount in 2016 was 376 mm, which was
95 mm lower than in 2017 (471 mm). However, both years of precipitation trends were similar from May 29 [i.e., 24 days after planting (DAP)
in 2016; 18 DAP in 2017] to October 2, and both growing seasons experienced lower precipitation amounts than the long-term average for
the growing season (Fig. 1). On average, the 2016 growing season was
slightly warmer than 2017 growing season and both seasons were also
slightly warmer than the long-term average air temperature (Fig. 2a–c).

Fig. 1. Daily and cumulative precipitation for 2016 and 2017 maize growing seasons
along with the long-term average accumulated precipitation (1983–2015) measured
at the experimental site.
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Fig. 2. Measured daily average and long-term (1983–2015) average weather variables measured at the
experimental site: (a) maximum air temperature (Tmax), (b) minimum air temperature (Tmin); (c) average air temperature (Tavg); (d) relative humidity (RH); (e) vapor pressure deficit (VPD); (f) wind speed
(u2); (g) incoming shortwave radiation (Rs) 2016 and 2017 growing seasons.
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Typically, the greatest average air temperatures occur in July at the research region; however, 2016 growing season showed greatest average
air temperature of 24.2 °C in June in 2016 and the maximum air temperature of 24.8 °C was observed in July in 2017. In general, 2016 growing
season experienced 5.7% greater average relative humidity (RH) (Figs.
2d), 14.2% lower vapor pressure deficit (VPD) (Fig. 2e), 18% greater
wind speed (u2) (Fig. 2f), and slightly lower incoming shortwave radiation (Rs) (~1.5% difference) than 2017 growing season (Fig. 2g). Daily
ETr and ETo from planting to harvest are presented in Figure 3. Generally, ETr values from planting to harvest (i.e., planted on May 6, 179 DAP
in 2016; planted on May 12, 178 DAP in 2017) ranged from 0.15 to 7.6
mm with a seasonal average of 5.1 mm in 2016 growing season and from
0.47 to 10.54 mm with an average of 4.9 mm in 2017 growing season
(Fig. 3a). The ETo values ranged from 0.70 to 8.4 mm with a seasonal average of 4.0 mm in 2016 growing season and ranged from 0.40 to 7.8
mm with an average of 3.9 mm in 2017 (Fig. 3b). The seasonal total ETr
was 907 and 869 mm in 2016 and 2017 growing seasons, respectively,
whereas seasonal total ETo was 720 and 699 mm, respectively (Fig. 3a
and b). Seasonally averaged ETr was about 4% greater in 2016 growing season than 2017 growing season and ETo was about 2.30% greater
in 2016 growing season than in 2017. Thus, 2016 growing season had
greater evaporative atmospheric demand than 2017. Daily GDD for both
growing seasons of 2016 and 2017are presented in Fig. 3c. The greatest
daily GDD values were observed between 30 DAP (June 4) and 80 DAP
(July 24). Maximum GDDs of 19.6 °C was observed on 77 DAP (July 21)
in 2016 growing season and as 20.4 °C observed on 71 DAP (July 21)
in 2017. Overall, the daily GDD was slightly greater in 2016 than 2017
growing season due to slightly greater Tmax and Tmin.
3.2. Soil-water dynamics under coupled irrigation and nitrogen management treatments

Seasonal distribution of neutron probe-measured volumetric soil water content (VSWC, % vol) for each soil layer with a 0.30 m increment
down to 1.20 m are presented in Figures 4–9. Initial VSWCs were similar among the irrigation levels, N treatments and irrigation methods at
the beginning of both growing seasons, indicating uniform initial soilwater distributions at three experimental fields, which is important to
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Fig. 3. Daily and cumulative: (a) alfalfa-reference evapotranspiration (ETr); (b) grassreference evapotranspiration (ETo); (c) daily growing degree days (GDD) as a function of days after planting (DAP) during the 2016 and 2017 growing seasons at the
experimental site.

Fig. 4. Volumetric soil water content (% vol) measured at 0–0.30, 0.30–0.60, 0.60–0.90 and 0.90–1.20 m soil depths
using neutron probe in the: (a) rainfed traditional nitrogen (RFT-TN); (b) 60% full irrigation treatment (FIT-TN);
(c) 80% FIT-TN; (d) FIT-TN; (e) 60% FIT non-traditional nitrogen-1 (NT-1); (f) 80% FIT-NT-1; (g) FIT-NT-1; (h)
60% FIT non-traditional nitrogen-2 (NT-2); (i) 80% FIT-NT-2; (j) FIT-NT-2 treatments during the 2016 growing
season under center pivot (CP) irrigation method. Each data point represents an average of three measurements.
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Fig. 5. Volumetric soil water content (% vol) measured at 0–0.30, 0.30–0.60, 0.60–0.90 and 0.90–1.20 m soil depths
using neutron probe in the: (a) rainfed traditional nitrogen (RFT-TN); (b) 60% full irrigation treatment (FIT-TN);
(c) 80% FIT-TN; (d) FIT-TN; (e) 60% FIT non-traditional nitrogen-1 (NT-1); (f) 80% FIT-NT- 1; (g) FIT-NT-1; (h)
60% FIT non-traditional nitrogen-2 (NT-2); (i) 80% FIT-NT-2; (j) FIT-NT-2 treatments during the 2016 growing season under subsurface drip irrigation (SDI) method. Each data point represents an average of three measurements.
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Fig. 6. Volumetric soil-water content (% vol) measured at 0–0.30, 0.30–0.60, 0.60–0.90 and 0.90–1.20 m soil depths
using neutron probe in the: (a) rainfed traditional nitrogen (TN); (b) 60% full irrigation treatment (FIT-TN); (c)
80% FIT-TN; and (d) FIT-TN treatments during the 2016 growing season under furrow irrigation (FI) method. Each
data point represents an average of three measurements.
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Fig. 7. Volumetric soil water content (% vol) measured at 0–0.30, 0.30–0.60, 0.60–0.90 and 0.90–1.20 m soil depths
using neutron probe in the: (a) rainfed traditional nitrogen (RFT-TN); (b) 60% full irrigation treatment (FIT-TN);
(c) 80% FIT-TN; (d) FIT-TN; (e) 60% FIT non-traditional nitrogen-1 (NT-1); (f) 80% FIT-NT-1; (g) FIT-NT-1; (h)
60% FIT non-traditional nitrogen-2 (NT-2); (i) 80% FIT-NT-2; (j) FIT-NT-2 treatments during the 2017 growing
season under center pivot (CP) irrigation method. Each data point represents an average of three measurements.
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Fig. 8. Volumetric soil water content (% vol) measured at 0–0.30, 0.30–0.60, 0.60–0.90 and 0.90–1.20 m soil depths
using neutron probe in the: (a) rainfed traditional nitrogen (RFT-TN); (b) 60% full irrigation treatment (FIT-TN);
(c) 80% FIT-TN; (d) FIT-TN; (e) 60% FIT non-traditional nitrogen-1 (NT-1); (f) 80% FIT-NT- 1; (g) FIT-NT-1; (h)
60% FIT non-traditional nitrogen-2 (NT-2); (i) 80% FIT-NT-2; (j) FIT-NT-2 treatments during the 2017 growing season under subsurface drip irrigation (SDI) method. Each data point represents an average of three measurements.
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Fig. 9. Volumetric soil-water content (% vol) measured at 0–0.30, 0.30–0.60, 0.60–0.90 and 0.90–1.20 m soil depths
using neutron probe in the: (a) rainfed traditional nitrogen (TN); (b) 60% of full irrigation treatment (FIT-TN); (c)
80% FIT-TN; (d) FIT-TN treatments during the 2017 growing season under furrow irrigation (FI) method. Each
data point represents an average of three measurements.
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provide equal or similar starting points for all plants under different
treatments imposed. In both growing seasons, overall, regardless of the
N treatments, substantial differences in VSWC were observed between
irrigation levels and for the same irrigation levels between the irrigation methods. The general trend was an increase in VSWC depletion as
the irrigation level decreased from FIT to RFT. Across all treatments and
fields, topsoil (0.30 m) showed the largest depletion and fluctuations
throughout the season due to soil evaporation and greater soil-water
extraction, especially when the plants were at about R6 growth stage
[120 days after emergence (DAE)] as well as greater soil-water evaporation than in deeper soil layers.
In 2016, there were two rainfall events of 40 and 30 mm on 117 DAP
(August 30) and 121 DAP (September 3), respectively. Similarly, in 2017,
there were three large rain events of 40, 25, and 35 mm on 108 DAP (August 27), 144 DAP (September 2) and 148 DAP (September 6), respectively. The impact of these rain events on VSWC fluctuations can be seen
in the topsoil and in some cases at the 0.30–0.60 m layer. In both years,
in all treatments and irrigation methods, the 1.20 m soil layer showed
the highest VSWC throughout the growing season with less variation as
compared with other shallower soil layers. Whereas there was a slight
decreasing trend from the beginning of the season toward the end of the
season, which indicates that maize extracted water from the 1.20 m soil
layer as well, but plants extracted most of their seasonal water requirement from the three topsoil layers (0–0.90 m). The 0.60 m layer showed
lower soil-water extraction as compared with 0.30 and 0.90 m soil layers
and this result may be explained by the fact that the presence of heavy
clay soil layer (argillic layer) at the 0.60 m soil depth at the research site
(Djaman and Irmak, 2012; Irmak and Djaman, 2016).
In 2016, in all treatments and fields, there was a sharp decrease at the
topsoil (0–0.30 m) VSWC between 41 and 60 DAP (June 15 and July 4)
until the first and second irrigation events, which were triggered on 54
and 60 DAP (June 28 and July 4), respectively. This decrease was more
pronounced in RFT and 60% FIT than in 80% FIT and FIT in all irrigation methods and this sharp decrease in VSWC can be due to high water extraction rate from the topsoil between VE and V12 growth stages
[there was no precipitation event from emergence until 58 DAP (July
2)]. Topsoil VSWC decreased from about 25–27% vol on 74 DAP (July
18) and remained relatively stable between 23% and 20% vol until 126
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DAP (September 8) and decreased gradually to 19% vol in CP, from 23%
vol on 74 DAP (July 18) to 22% vol on 119 DAP in SDI and from 25%
vol on 74 DAP (July 18) to 19% vol on 110 DAP (August 23) in FI. Under a given irrigation level, the VSWC was similar between the irrigation
methods. All treatments showed that 1.20 m soil layer had the highest
VSWCs throughout the season.
In general, the VSWCs were maintained approximately around 22%,
24%, and 29% vol at 60% FIT, 80% FIT and FIT, respectively, in the topsoil in CP; and 21%, 22%, and 26% vol at 60% FIT, 80% FIT and FIT, respectively, in the topsoil in SDI. The lower VSWCs at topsoil in SDI as
compared with the CP method was attributed to the fact that with SDI,
the irrigation water is delivered directly to the crop root-zone (0.40 m
below soil surface) which results in maintaining the topsoil (i.e., 0.10–
0.20 m) dry throughout the growing season and there is no upper soil
layer wetting from irrigation and only precipitation wets the soil surface,
whereas in the CP method, the soil surface of the entire field is wetted,
which resulted in lower VSWC in the topsoil layer in the SDI method as
compared with the CP. Large range of fluctuations were observed at the
topsoil layer in the FI as compared with CP and SDI and these observations were due to larger amount of irrigation water application in FI than
CP and SDI. The 0.60 m soil layer in the FI method remained relatively
stable throughout the growing season as compared with 0.30 m layer.
In 2017, there were substantial amounts of scattered precipitation
throughout the season with a total precipitation of 471 mm as compared
with 376 mm in 2016 season. The topsoil in the RFT-CP remained substantially drier than the irrigated treatments. There was a sharp decrease in VSWC at topsoil at RFT-CP which decreased from 26% to 27%
vol on 40 DAP (June 20) to 19–20% vol and remained low until 155 DAP
(October 13) and then increased to the near field capacity (33% vol) due
to a 132 mm of rainfall that occurred between 136 and 151 DAP (September 24–October 9). The topsoil VSWC in RFT-SDI mostly fluctuated
between 25% and 20% vol after 33 DAP (June 11) until end of the season; however, with some exceptions where VSWC exceeded this range
due to the rainfall events occurred on 68 DAP (July 18) (19 mm). Similar
to SDI, the VSWC at topsoil in RFT-FI was around 25–27% vol until 155
DAP and then increased sharply to 36% vol due to rainfall events. The
0.60, 0.90, and 1.20 m soil layers across all three methods showed a decreasing trend toward the end of the season, but with less fluctuations
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than those observed in the topsoil. Under irrigation levels, generally, the
topsoil at 60% FIT, 80% FIT and FIT in the CP field had relatively lower
VSWCs values than SDI and FI. The 0.60, 0.90, and 1.20 m soil layers
had higher VSWC as the irrigation level increased from 60% FIT to FIT.
In both seasons, the CP field/method showed that NT-1 and NT-2
methods extracted substantial amounts of soil-water from the topsoil
and 0.60–0.90 m while the other layers (0.30–0.60 and 0.90–1.20 m) remained at higher moisture content than 0.30 and 0.90 m layers. In general, the topsoil soil-water was depleted the most at or after V8 growth
stage, while 0.90 m was depleted the most approximately around VT
stage; and both layers had increasing VSWC after 117 (August 30) and
148 DAP (October 6) in 2016 and 2017, respectively. This trend was
more pronounced in the 60% FIT than 80% FIT and FIT and the rate of
depletion was greater in the traditional N treatments at all irrigation levels. This result could be due to in-season N applications enhanced root
density and depth and resulted in a higher rate of water uptake that
was similar to the results observed by Li et al. (2018). In the SDI field/
method, in 2016, both NT-1 and NT-2 had similar VSWCs trends at 0.30
and 0.90 m soil layers to those observed in the NT-1 and NT-2 nitrogen
treatments in the CP field in both seasons. However, in 2017 in the SDI
field, the VSWCs in the topsoil were more stable at all three irrigation
levels under NT-1 than those under NT-2 in which soil-water had larger
fluctuations. In both years, in general, most of the soil-water was extracted from the 0.30 and 0.90 m soil layers in all treatments.
The VSWC data were multiplied by the representative soil depth to
compute the soil-water storage for the given layer and these values were
summed for the crop root-zone (0–1.20 m) to determine total soil-water (TSW) for comparisons between the treatments ( Figs. 10 and 11).
The TSW can aid in overall assessments of crop water uptake under different irrigation levels, N treatments, and irrigation methods with time.
TSW can also be used as an indicator of the effectiveness/success of the
irrigation management through maintaining TSW above/or at the readily available water (RAW) threshold and reveals the periods that TSW
declined beyond RAW (i.e., detecting potential water stress conditions).
Figures 10 & 11 show that there was a gradual decrease in the TSWs
from the beginning of the season (more rapidly after VT stage) and increased afterward until the end of the season. Differences in TSWs were
appeared as irrigations were initiated for the traditional N treatment

Fig. 10. Total soil-water (mm) measured in the total crop root zone profile at 0–1.20 m using neutron probe in the:
(a) traditional nitrogen (TN) in the under center pivot (CP) irrigation method; (b) non-traditional nitrogen-1 (NT1) under CP irrigation method; (c) non-traditional nitrogen-2 (NT-2) under CP irrigation method; (d) traditional
nitrogen under subsurface drip irrigation (SDI) method; (e) NT-1 under SDI method; (f) non-traditional nitrogen-2
(NT-2) under SDI method; (g) traditional nitrogen under furrow irrigation (FI) method during the 2016 growing
season. Each data point represents an average of three measurements.
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Fig. 11. Total soil-water (mm) measured at 0–1.20 m crop root zone soil profile using neutron probe in the: (a)
traditional nitrogen (TN) under center pivot (CP) irrigation method; (b) non-traditional nitrogen-1 (NT-1) under
CP irrigation method; (c) non-traditional nitrogen-2 (NT-2) under CP irrigation method; (d) traditional nitrogen
under subsurface drip irrigation (SDI) method; (e) NT-1 under SDI method; (f) NT-2 under SDI method; (g) traditional nitrogen under furrow irrigation (FI) method during the 2017 growing season. Each data point represents
an average of three measurements.
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across the irrigation methods and differences were observed as a function of the combination of irrigation and non-traditional N treatments
(i.e., NT-1 and NT-2). Overall, FIT graphs, including all N treatments and
across the irrigation methods, did not show any crop water stress occurrence throughout the two seasons, which was the primary goal of
FIT. This indicates that the irrigation management was effective by replenishing the soil water before the TSW was replenished beyond RAW.
Crops in all three irrigation methods experienced water stress at some
growth and development stages (Fig. 10a, d, and g).
In 2016, the TSWs dropped close to RAW from the middle through
the end of vegetative stages in the SDI (i.e., V14 stage) and dropped below the RAW after VT stage through the reproductive stages of R4 in
the CP, SDI, and FI fields/methods. Similar trends were observed in the
60% FIT-TN irrigation and N treatment across the irrigation methods.
However, the magnitude of TSWs which dropped below RAW and the
period that crop was exposed to water stress was lower in the RFT. In
the FIT-TN and 80% FIT-TN treatments, TSWs were maintained above
RAW throughout the growing season in all irrigation treatments and
methods, except 80% FIT-TN treatment in which TSW fell below RAW
between R2 and R5 growth stages in SDI. One of the notable differences
in FI was the depletion magnitude and durations of TSWs below RAW
were less than those in CP and SDI at 60% FIT-TN, which could be due
to the applied water rate can be highly variable in surface irrigation in
which the control of the irrigation water is not as precise as with CP or
SDI methods. Therefore, the rate and amount of water infiltrated into
the soil profile in shallow soil depths would be higher in the FI than CP
and SDI. As a result, the soil-water replenishment period during the irrigation event was less with FI as compared with CP and SDI. The 2017
TSWs trends were similar to 2016, but there was a distinct difference in
TSWs of 60% FIT-TN distribution that did not drop below RAW across
all irrigation methods.
The TSW for NT-1 and NT-2 exhibited similar trends in both CP and
SDI and years, and the soil-water data did not show any crop water
stress throughout both growing seasons. However, in 2016, notable differences were found in 60% FIT-NT-1 and NT-2, which showed that TSWs
dropped below RAW in CP, but TSWs were near the RAW in SDI. An interesting observation was that in the CP method, the 60% FIT-NT-2 experienced water stress conditions for a shorter period than 60% FITNT- 1.
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Fig. 12. Mean seasonal total soil-water (TSW, mm) measured using neutron probe during the 2016 and 2017 growing seasons in the: (a) center pivot (CP) irrigation method;
(b) subsurface drip irrigation (SDI) method and (c) furrow irrigation (FI) method in
the experimental fields. Each data point represents an average of three measurements.

The mean TSW for the 60% FIT, 80% FIT and FIT across both growing
seasons was the highest in the CP-NT-1 (360 mm) followed by FI (358
mm), SDI-NT-2 (357 mm), CP-NT-2 (351 mm), CP-T (351 mm), SDI-NT-1
(345 mm) and SDI-TN (338 mm). The mean TSW was similar across the
N treatments and irrigation methods, but the sub-seasonal data showed
substantial variations. The highest mean TSWs were essentially the same
for the irrigation methods and N treatments [CPFIT-NT-1 (372 mm), SDIFIT-TN (371 mm) and FI-FIT-TN (368 mm)] (Fig. 12).
3.3. Grain yield, irrigation level, N management, and irrigation method
impact on crop evapotranspiration

In general, the highest grain yields were observed in FIT, regardless N
and irrigation methods, and grain yields increased with increasing irrigation levels (Table 1). In all treatments, there were not significant
(p > 0.05) differences between FIT and 80% FIT; however, there were
significant differences (p < 0.05) between FIT and 60% FIT in both growing seasons in all irrigation methods, except in the SDI-TN in 2016. Overall, the 2017 growing season yielded 1.6% higher than 2016 in the CP
and SDI, whereas the 2017 yielded significantly higher (p < 0.05) in 2016
than in 2017 (Table 1). The two years pooled data for the combination
of CP and SDI revealed that NT-1 and NT-2 had 3.2% and 4% significantly higher (p < 0.05) grain yield than TN across all irrigation levels.
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Fig. 13. Mean seasonal maize evapotranspiration (ETc, mm) for the 2016 and 2017
growing seasons in the: (a) center pivot (CP) irrigation method; (b) subsurface drip irrigation (SDI) method and (c) furrow irrigation (FI) method in the experimental fields.
Each data point represents an average of three measurements.

Also, when grouped for NT-1 and NT-2 within an irrigation method, grain
yields were significantly (p < 0.05) higher by 4.6% and 2.3% than respective TN in the CP and SDI, respectively. Moreover, grouped NT-1 and
NT-2 yields were significantly (p < 0.05) higher by 3.5% in CP than SDI.
On the other hand, there were no significant (p > 0.05) differences in TN
between CP and SDI (Fig. 13).
The seasonal amount of applied irrigation varied within the irrigation
methods in both years with six and five irrigation events in 2016 and
2017, respectively (Table 1). Overall, the seasonal amount of applied irrigation in non-traditional N treatments were higher than traditional N
treatment within and across irrigation methods (i.e., CP and SDI) due to
the fertigation management requirements. It should be noted that a minimum amount of irrigation water needed to be delivered to uniformly
apply the fertilizer and that enough water to apply at each fertigation
event can be considerable for CP, because application of insufficient irrigation water may result in non-uniform fertigation and potentially damage to the plant canopy [i.e., residue accumulation on the plant leaves
that can cause leaf burning (aka fertilizer burn)]. Furthermore, when
fertigation is applied with CP method, fertilizer applied to plant and soil
surface would be susceptible to run-off or gaseous losses (e.g., ammonia volatilization if the weather conditions are favorable). In contrast,
water applied to fertigate with the SDI method is lower as fertigation is
delivered directly to plant root zone with minimal possibility for run-off
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and/or gaseous losses. Lower seasonal irrigation amount was applied in
2017 due to wetter (~25% more precipitation in 2017 than 2016) and
cooler weather conditions than in 2016, which resulted in lower irrigation requirements (Fig. 1).
In almost all cases, FIT had the highest ETc and increased with increasing irrigation application while the lowest ETc was observed in
RFT across all irrigation methods and growing seasons (Table 1). The
N treatments and irrigation methods had statistically significant (p <
0.05) effect on ETc values in both years; and, both NT-1 and NT-2 had
significantly (p < 0.05) higher ETc values than traditional N treatment.
In terms of irrigation methods, CP had significantly (p < 0.05) higher ETc
than SDI; and, SDI had significantly higher (p < 0.05) ETc than FI. Growing season had a significant effect on ETc values, and this indicate that
the climate variables (e.g., temperature, relative humidity, wind speed,
vapor pressure deficit, precipitation and solar radiation) and irrigation
amounts influenced ETc and caused substantial interannual variations.
There was a substantial variation in ETc magnitude between the irrigation treatments and the combination of irrigation and N treatments
within irrigation method, different irrigation methods, and years. ETc
showed higher magnitude of difference across irrigation levels as compared with N timing treatments within an irrigation method as well as
between irrigation methods. These findings indicate that ETc is much
strongly influenced by water availability than N timing applications. The
lowest ETc range was observed in 2017 due to a wetter season and lower
irrigation demand. Regardless of N treatments, the largest magnitudes
and range of ETc was observed in CP, followed by SDI and FI for irrigated
treatments in both years. This observation is a function of a given irrigation method’s operational principles. For example, with the CP (irrigation efficiency ~75–85%) method, irrigation water is delivered to the
entire field surface, which results in higher evaporation rate lose from
soil and the intercepted irrigation water by maize as compared with SDI
(irrigation efficiency >95%) in which soil evaporation rate due to irrigation is minimal or does not exist (if the system is properly designed, installed and managed) which delivers the required amount of irrigation
water directly to the crop root zone in a short time with higher uniformity of irrigation water distribution. While in the FI irrigation method
(irrigation efficiency 45–65%) the soil surface is partially wetted with irrigation water, in most cases, every other row is wetted during irrigation.

M o h a m m e d & I r m a k i n A g r i c u lt u r a l Wat e r M a n ag e m e n t 2 6 7 ( 2 0 2 2 )

29

Moreover, the lowest ETc range in FI due to non-uniformity of wetted
areas across the field that may negatively impact the infiltration rate
across the field (Araujo et al., 2019). Another factor that influences the
infiltration rate is erosion that can cause surface sealing due to high inflow rates. These actors could justify the reasons for leading to the difference in ETc among different irrigation methods.
To infer information about the variation of ETc between the replications of a given treatment, the coefficient of variation (CV) values were
calculated as the ratio of standard deviation (SD) of a given treatment’s
ETc to treatment-mean ETc and all values were at an acceptable level (<
20%) (Table 1), indicating low (acceptable) variability between ETc values between the replications for a given treatment. ETc values in RFT
were significantly lower (p < 0.05) than the ETc in FIT, 60% FIT, and 80%
FIT; and ETc of FIT was significantly higher (p < 0.05) than ETc in 60%
FIT and 80% FIT. In some cases, however, differences in ETc in 80% FIT
and FIT were not significant (p > 0.05). Similar observations were made
for ETc between 60% FIT and 80% FIT in that these two treatments did
not have significantly different (p > 0.05) ETc values. There were no significant differences (p>0.05) between 60% FIT-NT1, 80% FIT-NT1 or FITT. The highest ETc values were found in FIT-NT-2 across all treatments
in CP and SDI irrigation methods (except in 2016, when the highest ETc
was found in FITNT- 1 in SDI), which may have been due to the differences in N management such that there were three additional N fertilizer injections (fertigation) through the SDI system with the irrigation
water than the traditional N treatment. This may have caused more adequate N availability to maize during the critical growth stages and resulted in higher leaf area index in the NT-1 and NT-2 (data not shown),
which resulted in increased ETc. Lenka et al. (2009) suggested that adequate N availability/ supply during critical growth stages can result in
increased leaf area and transpiration. Lamptey et al. (2017) found that
within-season adequate N supply during important growth stages can
enlarge root system, which can also result in increased ETc.
When compared to other research, the ETc results of this research
are within the range of seasonal ETc reported by others. For example,
Irmak et al. (2019) reported maize ETc range of 359–563 mm for conventional and drought-tolerant and SDI-irrigated maize hybrids at two
plant population densities. Irmak et al. (2016) found maize ETc range
of 335–639 mm for SDI-irrigated maize. In a semi-arid climate, Payero
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0
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95
0
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119

2016
Center pivot
Traditional (TN)
		
			
			
		
Nontraditional-1 (TN-1)
			
			
		
Nontraditional-2 (TN-2)
			
			
2017
Center pivot
Traditional (TN)
			
			
			
		
Nontraditional-1 (NT-1)
			
			
		
Nontraditional-2 (NT-2)
			
			

FIT
80% FIT
60% FIT
Rainfed
FIT
80% FIT
60% FIT
FIT
80% FIT
60% FIT
FIT
80% FIT
60% FIT
Rainfed
FIT
80% FIT
60% FIT
FIT
80% FIT
60% FIT

*CV of
ETc (%)

Irrigation
Nitrogen
Irrigation Irrigation
Rainfall
Seasonal
Standard
Method
treatment
treatment (mm)
(mm)
ETc (mm) deviation
							of ETc

Year

16.4 ab
16.1 ab
15.7 b
9.1c
16.8 a
16.4 ab
16.0 ab
16.8 a
16.7 a
16.0 ab

16.6 abc
16.0 dc
15.5 d
9.6 e
17.3 a
16.7 abc
16.4 bc
15.8 a
15.6 ab
15.5 bcd
17.0 abc
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16.0 d
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Grain yield
(Mg ha–1)

1.1
1.1
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0.4
3.3
6.0
2.4
2.3
1.8

1.4
3.0
5.6
4.0
1.5
6.0
2.8
1.6
1.1
5.2
3.5
4.7
4.9
6.6
1.3
1.3
4.3
2.6
0.7
4.0

*CV of Grain
yield (%)

Table 1 Seasonal irrigation, rainfall, seasonal maize evapotranspiration (ETc), and grain yield at center pivot, subsurface drip, and furrow irrigation
methods/fields in 2016 and 2017 growing seasons.
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* CV: coefficient of variation
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0
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Irrigation Irrigation
Rainfall
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15.2 a
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14.3 a
9.8 b
14.0 a
13.3 a
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16.1 a
16.3 a
15.9 a
10.9 b
16.5 a
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0.6
3.3
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2.6
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6.9
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1.5
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*CV of Grain
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et al. (2008) reported maize ETc range of 466–663 mm. In a maize water and N uptake research, Irmak and Djaman (2016) found CP-irrigated
maize ETc range of 496–563 mm under three plant population densities with three planting dates. Mohammed et al. (2019) reported maize
ETc range of 261–693 mm under SDI. Jia et al. (2018) reported maize
ETc ranging from 458 to 516 and from 348 to 420 mm during 2015 and
2016 growing seasons, respectively, at three planting densities and four
limited irrigation strategies under furrow irrigation in a Calcic Cambisol soil in a semi-arid region.
3.4. Impact of irrigation and total water supply on crop
evapotranspiration

There were strong linear relationships between maize seasonal irrigation amounts and ETc across irrigation methods and years (Fig. 14). The
pooled R2 values for traditional and non-traditional N treatments across
the irrigation methods were 0.73 and 0.84, respectively. The slope value
in linear regression indicates the change in ETc as a result of unit increase in seasonal irrigation. The slope of ETc for all treatments ranged
from 0.50 (SDI-TN) to 0.99 (CP-NT-2) in 2016 and from 0.69 (SDI-TN) to
1.71 (SDI-NT-2) in 2017. The slope of ETc exhibited intraannual and inter-annual variation among N treatments, irrigation methods, and years.
Overall, the slope values were higher in CP, followed by FI and SDI under traditional N treatment and non-traditional N treatments in both
years (except NT-2 in SDI in 2017) and values were higher in 2017 than
those in 2016. In other words, a unit increase in irrigation amount produced higher unit increase in ETc in 2017 than in 2016. The cooler and
wetter weather conditions played a role in increasing the slopes of ETc
vs. irrigation in 2017. The causes of highest slope ETc in CP than FI and
SDI can be as a function of differences in water delivery approach/nature to the plants between the irrigation methods. Center pivots are designed to deliver water to the foliage of the crop and soil surface simultaneously, resulting in a higher rate of surface evaporation (from soil
and plant surfaces as a function of intercepted irrigation water by the
plants) as compared with SDI and FI in which plants are not wetted during irrigation events. Furthermore, with CP method, the entire field is
wetted whereas there is not soil surface wetting with irrigation in SDI
and only partial field surface wetting occurs with the FI method (in the
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Fig. 14. Relationship between seasonal irrigation amounts and seasonal maize evapotranspiration (ETc) for: (a) traditional nitrogen (TN) treatment; (b) nontraditional N
treatments [non-traditional N treatment 1 and non-traditional treatment 2 (NT-1 and
NT-2, respectively)] for the center pivot (CP), subsurface drip irrigation (SDI) and furrow irrigation (FI) methods during the 2016 and 2017 growing seasons. Each data
point represents an average of three measurements.
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case of every other furrow irrigation). Therefore, more of the applied
irrigation water contributed to increasing ETc in the CP field than in
SDI and FI. The FI and SDI methods had lowest slopes and showed separated data points as compared with CP in Fig. 14 owing to the differences in terms of impacts of the water delivery nature on surface evaporation and increasing ETc.
Grimes et al. (1969) reported that ETc was characterized with second
degree polynomial as functions of the quantity of applied irrigation water and applied N under furrow irrigation system. They found that curvilinear regression line was departed from the diagonal when the quantity of applied irrigation water was about 600 mm which corresponded
to about 440 mm of ETc. Payero et al. (2008) also reported curvilinear
regression in maize ETc as function seasonal irrigation amounts for 8 irrigation treatments under SDI. They reported that ETc did not increase
above 221 mm and 173 mm which corresponded to 663 mm and 656
mm of ETc, respectively. It is important to note that ETc values varied
considerably, depending on the weather variables for the given year. In
a long-term field research Irmak (2015a, 2015b) quantified increase
in maize ETc as a function of different CP irrigation management (FIT,
75% FIT, 60% FIT, 50% FIT, and RFT) and observed substantial interannual variation between the slopes of the ETc vs. seasonal irrigation relationships. He reported that increase in ETc is not only a function of climate and irrigation amounts, but is also influenced by the timing of the
irrigation applications and the magnitude of the climatic variables during or after the irrigation applications, which can vary substantially between the years, which can also substantially impact irrigation vs. ETc
relationships between the years as well as for different irrigation levels
and methods within the same growing season.
In case of the non-traditional N treatments in the CP and SDI methods, the liner regression was fitted without RFT. A similar trend was observed under non-traditional N treatments ETc response to the seasonal
irrigation amounts with higher slopes in the CP than SDI across years,
except NT-2 in the SDI in 2017. This rather unexpected result may occur
in a large-scale field research in uncontrolled environments. The NT-2
had the higher slope of irrigation amount vs. ETc than NT-1 and both N
management treatments had higher unit increase in ETc as a result of
increase in irrigation amount than the traditional N treatment in both
CP and SDI methods as well as years. Higher slope in irrigation amount
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vs. ETc in NT-2 N management that in NT-1 can be a result of four fertigation events in addition to the irrigation events in the NT-2 management as compared with three fertigation events in the NT-1 management and more of the applied seasonal irrigation amounts contributing
to ETc increase in NT-2.
In addition to seasonal irrigation amount, a strong linear relationship was found between maize seasonal ETc and total water supply (i.e.,
growing season precipitation + irrigation + stored soil-water from autumn, winter and spring precipitation) with R2 ranging from 0.69 in SDINT-2–0.94 in SDI-NT-1 in 2016 and from 0.78 in SDI-TN to 0.98 in SDINT-1 in 2017 (Fig. 15). There was also a substantial intra-annual and
inter-annual variation in ETc response to total water supply among the
N treatments, irrigation methods, and years with a similar trend of ETc
response to seasonal irrigation amounts with the CP method having the
highest slope, followed by FI and SDI under traditional N treatment and
non-traditional N treatments in both years (except NT-1 in SDI in 2016).
The slope values were higher in 2017 than in 2016. The CP method had
the highest slope of ETc than SDI for non-traditional N treatments than
traditional N management and with higher slope in NT- 1 than NT-2.
4. Summary and conclusions
In both seasons, the CP field showed that NT-1 and NT-2 methods extracted substantial amounts of soil water from the topsoil and 0.90 m
while the other layers (0.60 and 1.20 m) with greater soil-water depletion in TN. However, in both years, in the SDI field, the VSWCs in the
topsoil were relatively stable at all three irrigation levels under NT-1
than those under NT-2. Most amount of soil-water was extracted from
the 0.30 and 0.90 m soil layers in all treatments in 2017. The highest
range of ETc was observed in the CP method/field, followed by SDI and
FI for irrigated treatments in both years despite N treatments. Across
irrigation methods and years, RFT had significantly (p < 0.05) lower
ETc than FIT. Moreover, within the same treatment, ETc was significantly (p < 0.05) influenced by N treatments and irrigation methods.
The non-traditional N treatments of NT-1 and NT-2 showed significantly
(p < 0.05) higher ETc magnitudes than traditional N treatment. There
were strong and linear relationships between maize seasonal ETc and

M o h a m m e d & I r m a k i n A g r i c u lt u r a l Wat e r M a n ag e m e n t 2 6 7 ( 2 0 2 2 )

36

Fig. 15. Relationship between total water supply (i.e., growing season precipitation +
irrigation + stored soil-water from autumn, winter and spring precipitation) and seasonal maize evapotranspiration (ETc) for the: (a) traditional nitrogen (TN) treatment;
(b) non-traditional N treatments [nontraditional N treatment 1 and non-traditional
treatment 2 (NT-1 and NT-2, respectively)] for the center pivot (CP), subsurface drip
irrigation (SDI) and furrow irrigation (FI) methods during the 2016 and 2017 growing seasons. Each data point represents an average of three measurements.
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seasonal irrigation amounts and the highest slopes were found in CP
method followed by FI and SDI under traditional N treatment and nontraditional N treatments in both years (except SDI-NT-2 in 2017). Ordered from more effective irrigation and N management combination
to less effective combination is SDI-80% FIT-NT-1, followed by CP-80%
FIT-NT-1, and FI-80% FIT-N to achieve the maximum maize yield productivity while optimizing the ETc magnitude under these experimental conditions. This research with extensive combinations of water and
N management under three most common irrigation methods can provide invaluable data and guidance to growers, managers, and other agricultural professionals on expected maize productivity under different
coupled irrigation and N management strategies.
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